Gamma-aminobutyric acid (GABA), synthesized by glutamate decarboxylase (GAD), plays an important role in plants. To study the molecular mechanism of GAD regulation and to examine the levels of GABA in Scutellaria baicalensis, we isolated cDNA clones (SbGAD1 and 2) encoding GAD from S. baicalensis. The open reading frames of SbGAD1 and 2 were 1,503 and 1,494 bp long and had 450 and 497 amino acid residues, respectively. Quantitative real-time RT-PCR analysis was performed to show the variation of transcript levels among different organs of S. baicalensis. Transcript levels of SbGAD1 and 2 were highest in the root and flower, respectively. The GABA content of different parts (ranked in descending order) was as follows: leaf > flower > stem > root. We concluded that the expression pattern of SbGAD1 and 2 did not match the accumulation pattern of GABA in different organs. We presume that GABA biosynthesis might be more controlled by SbGAD2 than SbGAD1. These data will aid in future studies that seek to understand the mechanisms underlying GABA biosynthesis, an important amino acid that is synthesized by the GAD enzyme. To explain adequately the GABA biosynthesis mechanisms in S. baicalensis, the enzyme activities of SbGAD1 and 2 should be determined in the near future.
Scutellaria baicalensis Georgi (Lamiaceae family) is 1 of the 50 fundamental herbs used in traditional Chinese medicine for the treatment of fever, cold, and vomiting of blood. It has been used in Western medicineto treat inflammation, respiratory tract infections, diarrhea, dysentery, jaundice/liver disorders, hypertension, hemorrhaging, and insomnia [1] . Because S. baicalensis root is rich in flavone compounds (baicalin, baicalein, and wogonin), previous work has focused on identifying the flavone composition of S. baicalensis [2, 3] .
GABA, a 4-carbon non-protein amino acid, conserved from bacteria to plants and vertebrates [4] , is a significant component of the free amino acid pool [5] . It is mainly metabolized via a short pathway composed of 3 enzymes; the cytosolic enzyme GAD and the mitochondrial enzymes GABA transaminase (GABA-T) and succinic semialdehyde dehydrogenase (SSADH) in plants and animals ( Figure 1 ) [6] . GAD is an enzyme that catalyzes the conversion of L-glutamate to γ-aminobutyric acid (GABA) [5] ( Figure 1) , and the calmodulin-mediated modulation of GAD activity affects GABA metabolism and normal development in plants [7] . In addition, GAD is a ubiquitous protein in petunia organs and its expression is developmentally regulated [8] .
cDNA clones encoding Ca 2+ /calmodulin-dependent GAD have previously been isolated and characterized from dicotyledonous species such as petunia [7] , tomato [9] , tobacco [10] , and Arabidopsis [11, 12] , and monocotyledon (rice) [13] . Baum et al. [7] reported that the calmodulin-mediated modulation of petunia GAD activity is important for both the growth and development of [14] ). The gene used in this study is colored red. Abbreviations: GAD, glutamate decarboxylase; GABP, GABA permease; GABA-T, GABA transaminase; GAT1, GABA transporter 1; SSADH, succinic semialdehde dehydrogenase; GLYR1 and GLYR2, glyoxylate reductase isoforms 1 and 2; Vit. B 6 , vitamin B 6 . The pyridoxal phosphate (Vitamin B 6 ) is the essential cofactor of GAD enzyme. transgenic tobacco plants. The biological activities of S. baicalensis are likely to be related to a variety of flavones, phenylethanoids, amino acids, sterols, and essential oils found in this plant [15, 16] . However, few studies have investigated the health benefits of compounds such as GABA in S. baicalensis.
In this study, a full-length cDNA encoding GAD was isolated from S. baicalensis by using next-generation sequencing platforms (NGS) (Roche/454 GS_FLX+ and Illumina/Solexa HiSeq2000) (unpublished data). The mRNA transcript levels and GABA accumulation from different organs of S. baicalensis were analyzed by real-time PCR and high-performance liquid chromatography (HPLC). The cloning and characterization of SbGAD may provide a foundation to elucidate the mechanism of GABA synthesis in S. baicalensis.
The full-length cDNA sequences of SbGADs have been deposited in GenBank (SbGAD1, KC834745; SbGAD2, KC834746). SbGAD1 and 2 sequences of S. baicalensis obtained from the NGS platforms (Roche/454 GS_FLX+ and Illumina/Solexa HiSeq2000) (unpublished data) were 1503 and 1494 bp long and contained 450 and 497 amino acid residues, respectively. The theoretical molecular weight and isoelectric point of SbGAD1 and 2 were 56.69 kDa and 5.75, and 56.18 kDa and 5.53, respectively. The deduced amino acid sequences of the two S. baicalensis GAD cDNA clones were aligned with the GAD sequences from other plants ( Figure 2 ). Specifically, SbGAD1 shared 79% identity and 91% similarity with Solanum lycopersicum, 77% identity and 90% similarity with Populus trichocarpa, 78% identity and 89% similarity with Vitis vinifera, and 77% identity and 87% similarity with Glycine max. SbGAD2 exhibited a high homology with Panax ginseng (88% identity, 92% similarity), Nicotiana tabacum (88% identity, 92% similarity), Vitis vinifera (86% identity, 91% similarity), and Arabidopsis thaliana (84% identity, 91% similarity). The amino acid sequence motif Ser-X-X-Lys [17] is conserved at amino acid residues 274 to 277 in the SbGAD1 and SbGAD2 peptide sequences. This motif is common among pyridoxalphosphate (PLP)-requiring enzymes [18] . In addition, SbGAD1 (Trp-488) and SbGAD2 (Trp-482) have been shown to be essential for CaM binding like petunia GAD [19] . The subcellular targeting of SbGAD1 was predicted to be in the cytosol and the nucleus, whereas SbGAD2 was predicted to be localized to the chloroplast and cytosol. A phylogenetic tree of SbGADs was clustered into 2 distinct groups ( Figure 3 ). SbGAD1 was most closely related to Populus trichocarpa, whereas SbGAD2 was most closely related to Nicotiana tabacum and Medicago truncatula. The transcript levels of SbGAD1 and SbGAD2 were tested in different organs of S. baicalensis by qRT-PCR ( Figure 4 ). The transcript levels varied among the different organs. For SbGAD1, the root expressed the highest levels of the transcripts as compared with other organs tested. The expression levels were 504-, 31-, and 4-fold higher in the root than in the flower, stem, and leaf, respectively for SbGAD1. Different expression patterns were observed for SbGAD2. For this SbGAD2 gene, flower exhibited the highest expression levels and the stem was the lowest. For the SbGAD2 gene, the transcript levels were 25.8, 2.9, and 1.6 times higher in the root than in the stem, root, and leaf, respectively. The GAD expression in leaves, flowers and germinating seeds is developmentally regulated by transcriptional and/or posttranscriptional processes [8] .
RicGAD was expressed strongly in rice roots, when rice seedlings were grown under phosphorus deprivation conditions, as well as in non-germinated brown rice [20] . Previously, it was shown that GAD1 and GAD2 expression levels differed among the organs; i.e., GAD1 is induced predominantly in roots, whereas GAD2 is expressed in all the organs [11, 12] , which is in accordance with our results. We found that the level of SbGAD1 RNA was higher in the root than in other parts. For SbGAD2, the transcript levels did not vary much among the different organs, except the stem.
Baum et al. [7] demonstrated that transgenic plants overexpressing a constitutively active GAD displayed significantly reduced levels of glutamate. In contrast, Bouché and Fromm [6] reported that the importance of GAD in regulating glutamate levels in wild-type plants remains unclear. Therefore, Baum et al. [7] suggested that glutamate levels might be strongly affected when the GAD function is modified. However, Stitt et al. [21] pointed out that the role of glutamine is still under debate and that and other metabolites, including amino acids or sugars, are probably involved in this regulation. The GABA content in various organs of S. baicalensis was analyzed by HPLC ( Figure 5 ). The levels of GABA varied in the different golden root organs. The GABA content in the leaf was much higher than in any of the other studied plant parts. The leaf contained 850.9 (mg 100 g -1 fresh weight [FW]) followed by the flower (234.6 mg 100 g -1 FW) and stem (192.1 mg 100 g -1 FW). Among the different plant parts, the root contained the lowest amount of GABA (154.8 mg 100 g -1 FW). GABA levels were 5.5, 4.4, and 3.6 times higher in the leaf than in the root, stem, and flower, respectively. The accumulation of GABA varied in the fruits of different Momordica charantia cultivars, which was also reported by Kim et al. [22] . They found that the Philippines cultivar Galaxy had the highest GABA content (19.3 mg 100 g -1 FW), and Peacock cultivar contained the lowest levels (3.5 mg 100 g -1 FW) [22] . GABA accumulation was enhanced within seconds to minutes of exposure to abiotic stresses such as an aerobiosis, low temperature, and wounding [6] . In addition, GABA accumulation might result from decreased import of GABA either to the mitochondria or to the extracellular space under different stress conditions [22] . Therefore, GABA has been suggested to play a dual role as both a signaling molecule and a metabolite [6] .
In conclusion, we conclude that the expression pattern of SbGAD1 and 2 did not match the accumulation pattern of GABA in different organs. We suggest that GABA biosynthesis might be more tightly controlled by SbGAD2 as opposed to SbGAD1. These data provide basic information for elucidating the mechanisms underlying GABA biosynthesis, an important and useful amino acid found in a variety of plant species. To explain adequately the GABA biosynthesis mechanisms in S. baicalensis, the enzyme activities of SbGAD1 and 2 should be determined in the near future.
Experimental
Chemicals: Trichloroacetic acid (TCA, 99.0%) was obtained from Samchun Pure Chemical Co., Ltd. (Pyeongtaek, Korea), and standard GABA and sodium phosphate monobasic monohydrate (Na 2 HPO 4 ) were purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade acetonitrile (CH 3 CN) and methanol (MeOH) were supplied by J. T. Baker (Phillipsburg, NJ, USA). Ultrapure water with a resistivity of 18.2 MΩ/cm was produced by a PureLab Option from ELGA Labwater (Model LA 621, Marlow, UK).
Plant materials: S. baicalensis seedlings were grown under greenhouse conditions for 4 weeks and then transferred into pots filled with perlite-mixed soil on May 30 th , 2012. The plants were grown under light (16 h) and dark (8 h) conditions in the greenhouse (25°Cand 50% humidity) at Chungnam National University (Daejeon, Korea). We used at least 9 pots, or biological replicates, to reduce variation and account for standard error. Each organ (flowers, stems, leaves, and roots) was harvested at the same time after a day of flowering. All the samples were frozen in liquid nitrogen, stored at -80°C, and ground with a mortar and pestle in liquid nitrogen for the preparation of gene expression studies and GABA analysis.
Isolation of the cDNA-encoding GAD from S. baicalensis:
The transcriptome consensus sequence was constructed with de novo assembly of shotgun sequencing data by using multi next generation DNA sequencing (NGS) platform (Roche/454 GS_FLX+ and Illumina/Solexa HiSeq2000) for efficient strategy to obtain extensive mRNA data in new genome transcriptome analysis from S. baicalensis. A putative GAD was obtained from NGS data (unpublished data). The primer pairs for open reading frame (ORF) are as follows: SbGAD1 (forward): 5′-ATGGTGGTAACCACCAC AATCTCC-3′; SbGAD1 (reverse): 5′-TTAACAGACACCACT GTT CTTCTTGTCC-3′; SbGAD2 (forward): 5′-ATGGTTCTCTC GAAGACCAACTCA-3′; SbGAD2 (reverse): 5′-TTAGCAAATCC CATTGGTCTTCTT-C-3′. The TM Calculator program (http://frodo.wi.mit.edu/primers3) was used to compute the PCR annealing temperatures. The amplified product was purified, cloned into the T-blunt vector (SolGent, Daejeon, Korea), and sequenced. Full-length GAD sequences were aligned using the MultAlin online program (http://bioinfo.genotoul.fr/multalin/ multalin.html).
Total RNA extraction and quantitative real-time RT-PCR: Total
RNA was isolated from different organs by using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. The quantity and quality of the RNA sample was tested using a Nano VuePlus Spectrophotometer (GE Health Care Life Sciences, USA) and then validated by running 1 µg RNA on a 1.2% formaldehyde RNase-free agarose gel. First-strand cDNA was synthesized by reverse transcription using 1 µg of total RNA and the ReverTra Ace-α kit (Toyobo, Osaka, Japan) with an oligo (dT) 20 The PCR cycling conditions used were as follows: 1 cycle of 95°C for 3 min, followed by 40 cycles of 95°C for 15 s, 72°C for 20 s and annealing temperature of 55°C. The qRT-PCR reactions were carried out in triplicates for 40 cycles on a CFX96 Real-Time PCR System (Bio-Rad; Hercules, CA, USA). The actin gene (GenBank accession No. HQ847728) was used as the internal reference to normalize cDNA template concentration.
Analysis of the GAD gene:
To analyze the hypothesized amino sequence of SbGADs, we aligned the sequence with other plant GADs by using the BioEdit program. The phylogenetic tree of SbGAD was constructed using ClustalX and MEGA version 4.0 software. In the bootstrap, the multiple alignment was resampled 100 times. Theoretical molecular weights (Mw) and isoelectric point (pI) values were calculated by the Compute pI/Mw tool (http://ca.expasy.org/tools/pi_tool.html). The putative target localization of SbGAD was predicted online through PSORT (http://wolfpsort.org/).
Extraction and HPLC analysis of GABA:
One hundred mg of freeze-dried plant powder was weighted into a 2.0-mL Eppendorf tube, and then 1.2 mL of 5%, v/v, trichloroacetic acid (TCA) solution was added. After vortexing, the mixture was allowed to stand for at least 1 h at room temperature and was then centrifuged at 15,000 rpm, at 4°C for 15 min. The supernatant was filtered through a 0.45-µm PTFE hydrophilic syringe filter (Ø 13 mm) into an HPLC vial. GABA analysis was achieved with automated online derivatization using o-phthalaldehyde (OPA) for primary amino acids and borate buffer according to the "Rapid, accurate, sensitive, and reproducible HPLC analysis of amino acids analysis" (http://www.chem.agilent.com/Library/chromatograms/59801193.p df) by Agilent 1200 Series LC Systems. Briefly, GABA was determined using the Agilent Technology 1200 series HPLC system equipped with a Zorbax Eclipse AAA analytical column (150 × 4.6 mm i.d., particle size 5 μm) and guard column (12.5 × 4.6 mm i.d., particle size 5 μm). The HPLC conditions were set at 338 nm wavelength, a 40°C oven temperature and a 2.0 mL/min flow rate. The mobile phase consisted of 40 mM Na 2 HPO 4 , pH 7.8 (solvent A) and ACN: MeOH: water (45:45:10, v/v/v) (solvent A). The gradient programs were as follows: a linear step from 0% to 57% of solvent B from 1.9 to 21.1 min, and from 57% to 100% of solvent B to 21.6 min, and then isocratic conditions with 100% solvent B to 25.0 min, followed by a rapid drop to 0% solvent B at 25.1 min, and then isocratic conditions with 0% B to 30.0 min (total 40 min). GABA was detected at 9.31 min and its quantification was performed using 50 pmol/µL (0.05 mM) GABA solution.
